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1 Introduction




action development on energy consumption and environmental impact of buildings. 
Today, we are able to measure the consumption levels and environmental impact 
of our buildings, manage their indoor comfort, and combine this further with our 
personal desires.
Sustainability means decreasing waste and pollution, the demand for physical 
resources (energy, material…) and the impact on climate change, while maintaining the 
indoor comfort and health conditions in a building. Design decisions for sustainability 
include that of land use, microclimate management, form, spatial organization, 














incorrect construction applications and unexpected occupant behavior. Therefore, 
better understanding of the relationship between occupant behavior and energy 
consumption can enable more efficient design and operation of (residential) buildings, 
which are more suitable to the occupants’ use considering thermal, acoustical, visual, 
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more insight to this relationship stayed behind for a long time. This study addresses 
the influence of occupant behavior on energy consumption for heating and electricity 
use for appliances and lighting, in residential buildings.
This research is conducted as a joint effort at Delft University of Technology, Faculty of 
Architecture, between the chair of Design Informatics; research program Computation 
and Performance, and the chair of Housing Quality and Process Innovation (HQPI). 
Chair Design Informatics, research program Computation and Performance aims 
to improve the performance of buildings by using computational methods for 
model generation and analysis, decision-making and design communication, in an 
interdisciplinary context. This research could contribute to the further development 
of computational model(s) and tools in support of user’s decision-making processes. 
Furthermore, one of the research goals of chair HQIP is to understand the influence of 
occupant behavior to energy consumption in dwellings. The PhD research of Guerra 
Santin (2010) and Majcen (2016) of the chair HQIP specifically focus on occupant 
behavior and energy consumption. This research is built partially on the same datasets 
as Guerra Santin (‘OTB dataset’ and ‘WoON survey’), with different research questions. 
Findings of Guerra Santin and Majcen’s research are referred to, in the relevant sections 
of this thesis. Most of the research conducted under the title of this PhD was published 
between 2009 and 2013. 
§  1.1 Research Motivation
The building sector has a prominent share in energy consumption and environmental 
impact. Urban sprawl, over-consumption of energy and release of CO2 emissions, 
use of natural resources, excessive use of fossil fuels, and waste production damage 
the environment significantly. Residential buildings share 41% of final energy 
consumption at EU level (ODYSSEE, 2012); the construction and use of buildings 
account for 50% of natural resources consumption, 40% of energy and 16% of water 
use (Gauzin-Müller et al., 2002). Besides the impact on the environment, building and 
resource economy has a major share in the efforts towards sustainability, since energy 
independency is an advantage for all. Especially for the last 4 decades, improving 
energy efficiency in all sectors has been a major concern in the European context. 
Undoubtedly, this dedication requires long term involvement of all stakeholders in 




states, and on the EU level, and research focusing on passive and low to zero energy 












who studied the theoretical energy consumption of dwellings with similar households, 
found a factor of 2. Majcen et al. (2016) found that the occupant behavior is crucial in 
actual energy consumption, accounting for as much as 50% of the variance in heating 
consumption. The potential variance of occupant behavior in dwellings with identical 
building characteristics suggests that its influence on energy consumption should be 
taken more seriously into consideration during calculations and design.
§  1.2 Problem Areas










energy performance gap, which is presented more in detail in Chapter 2.
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§  1.2.1 Calculation drawbacks, precision and sensitivity of calculation models
‘Building’ is a process that involves several professions, and parameters related to 
the decisions of the professions on design and construction. Collecting all the intense 
and specialized data, related to the whole process of building from design to post 
occupancy, is rather difficult, and requires many crosschecks among professions. 




The ambiguity and several assumptions during conceptual design stage, the level 
of abstraction in modeling, the resolution of data, and the precision and sensitivity 
of the statistical model, software’s built-in assumptions of energy management 
systems are the obstacles that might come across in regard to occupant behavior, 
when calculating energy performance through simulation based modeling (Judkoff et 
al., 1983). Statistical models (correlation, regression ...) are claimed to be faster and 
easier tools than simulation models to predict energy consumption in large sample 
size of dwellings (Schuler et.al. 2000; Pachauri, 2004; Freire et al. 2004). Indeed, the 
precision and sensitivity level of simulation tools might be too high to model occupant 
behavior in comparison to statistical models. However, simulation tools can help in 
modeling detailed aspects of behavior in a way that statistical models cannot, or ignore.












§  1.2.3 Occupant behavior 
§  1.2.3.1 Resolution of data on behavior
As also mentioned before, one of the first problems related with modeling the 
















§  1.2.3.3 Including occupant behavior in design / Designing for the user
One of the problems of the current building process is that the occupant is not known 
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being studied, the occupants’ characteristics being researched and designed for, the 
occupants being included in the design and development of building process. A user-
centered design process would help to reduce the variance between the calculated 
and the actual levels of consumption. Several studies point out to the necessity to take 
occupant behavior into consideration in the design phase, and later on, for predicting 
their influence on energy consumption (Soebarto and Williamson, 2001; Dell'isola and 
Kirk, 2003; Yudelson, 2010; Azar and Menassa, 2012; Peschiera et. al., 2010).
§  1.2.3.4 Determinants of behavior
In order to bring about a meaningful reduction in the energy consumed in the housing 
stock, we also need to know more about the underlying determinants of occupant 




energy consumption, indirectly. How the household characteristics interact with 
building characteristics create the ground to explore further, for the reduction of energy 
consumption in dwellings.
§  1.2.4 Occupant behavior and energy consumption
The advancements in energy performance regulations and various implementations 
in the field lead the way to reduce the energy consumption and the resulting 





Developing insight into occupant behavior at home would improve the understanding 
of the effect of building regulations on energy consumption, which could further help 
to better integrate the calculation of user behavior’s impact on energy consumption, in 






important issue for energy companies and will become even more important with the 
emergence of smart grids. Specifically, for electricity it is possible to make accurate 




energy companies, especially at macro-level, therefore we need to establish more easily 
accessible parameters with an explanatory power to determine the level and variance of 
electricity consumption in households. 







performance for the same building and the contribution of the occupant behavior to 
the energy performance levels. More exploration is necessary on the existing models of 
occupant behavior and energy performance, and their approaches of data collection, 
processing data, and so on. This topic is further elaborated in the Methodology sub-
section.
Ultimately, it is interesting that the building regulations on energy consumption are 
formulated based on building and system characteristics and make assumptions of 
occupant behavior through a more static formula, while in essence, it is the people 
who dynamically cause energy consumption, not buildings. The growing number of 
households and size of dwellings, while the household size getting smaller, points 
to a future where inhabitants will have an even greater contribution to the energy 
consumption in housing. 
The aim of this research is to reveal the relationship between occupant behavior and 
energy consumption, both in terms of heating energy and electricity used for lighting 




of products, systems, dwellings, and achieving more advanced regulations.
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§  1.3 Research Questions
This thesis deals with occupant behavior and actual energy consumption in the Dutch 
dwelling stock. The overall question of this research is: How much does the occupant 
behavior influence the energy consumption of dwellings in the Netherlands, and how 
could we identify the determinants of consumption, as well as the behavioral patterns 
and profiles?
In order to research this question, the sub-questions are formulated as follows:
1 What is the sensitivity of a dwelling’s heating energy consumption to occupant 
behavior? (Chapter 3)
Research on energy consumption of dwellings covers thorough investigation of the 
behavioral performance during the use of the dwellings, as well as the aspects that are 
involved in the design and building processes. There has been extensive progress on 
the building physics aspects of energy consumption; concerning methods and practices 
for specification of building geometry, material properties, and external conditions. 
However, the resolution of input information regarding occupancy is still rather low. 
Recent research attempts to construct models for the effects of occupancy on building 
energy performance, and the physical and psychological descriptions of occupancy 
(Mahdavi, 2011). 
The sub-questions are:
a What are the existing models developed for the occupant behavior and energy 
performance relationship? and how different are the results of these models in 
terms of calculating the influence of occupant behavior on energy performance?
b How can behavior be modelled in order to assess the robustness of the energy 
performance in dwellings to occupant behavior?
c What is the weight of each behavioral aspect in terms of its influence on energy 
consumption? 
2 What is the influence of lighting and appliance use on the total electricity consumption 
in dwellings? (Chapter 4)
This question aims to gain insight into the types of occupant behavior that influence 




a What are the main direct and indirect determinants of electricity consumption? 
(Direct determinant: such as number of appliances and duration of 
appliance use …Indirect determinant: such as household size, dwelling size, 
dwelling type …) 
b How much of the variance in electricity consumption in dwellings can be 
explained by direct and indirect determinants?
3 What are the behavioral patterns and profiles of energy consumption? (Chapter 5-6)
Following finding out the sensitivity of energy performance of dwellings to occupant 
behavior and its determinants, this question looks into exploring behavioral patterns of 
energy consumption. This will contribute to addressing occupant behavior in policies 
towards energy efficiency. Besides, determining how behavioral patterns relate to 
household characteristics will improve energy calculations and simulation programs for 





§  1.4 Research Approach and Methodology
The methodology for modelling the influence of occupant behavior on the energy 
performance of buildings follows two main approaches: The deductive and the 
inductive. This terminology refers to the data processing track and the hierarchy of data 
used in the analysis. The deductive approach utilizes the data on the characteristics 
of household and energy consumption and income levels to find statistical correlation 
between the energy use and occupant behavior, whereas the inductive approach 
calculates the energy consumption of a building based on actual occupancy and 
behavior patterns determined by presence, circulation, and operation of lighting, 
system control devices and appliances.
Inductive behavioral models focus on a single zone model based on one space in the 
building, or the whole building, or more zones with fewer details on use, and more 
articulation on movement. This underlines the gap of modelling occupant behavior in 
residences, in a manner that involves both the use of space and circulation patterns 
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in relation to the dwelling energy performance. In terms of the kind of data used, 
the deductive approach works with household characteristics like age, education, 




a year etc. in the deductive, to a period of a minute, an hour, etc. in the inductive 
approach. A survey (cross-sectional data) is the most common method of collecting 
data in deductive approach, however in the inductive approach, monitoring and/
or observation of behavior (longitudinal data) are preferred. In terms of the analysis 







This study’s methodological approach combines the deductive and the inductive 
methodologies, by considering both the determinants of behavior and the behavior 
itself. The details of the datasets, of which this thesis is concerned, are explained 
further in Section 1.4.1. Dataset 1 is analyzed with the deductive approach. The data 
collected is cross-sectional: a questionnaire applied at a certain time for once, on 
certain number of households, asking about the characteristics of the household and 
their behavior. Statistical methods such as regression and correlation applied. A test on 
Dataset 1 was made by modeling the sample with a dynamic simulation program, to 
see the sensitivity of dwelling energy consumption to occupant behavior. This test is a 
first attempt to bring together the deductive and the inductive methodologies, by using 
cross-sectional data in a dynamic energy performance simulation program. Dataset 2 
is analyzed with inductive approach. Longitudinal data of Dataset 2 about thermostat 
control behavior of a sample monitored over 2 months is modeled by repeated 




and appliances. Occupant behavior is claimed to be determined by household 

























BEHAVIORAL  PATTERNS 
OF GAS USE
(HEATING + HOT WATER)
WV & LR
WV & LR & WoON






WV & LR WH
LITERATURE REVIEW
CORRELATION, FACTOR 
ANALYSIS, & ANOVA 
CORRELATION &
REPEATED MEASURES
FIGURE 1.1 Research phases, cases, and methods used that constitute the structure of the thesis 
(abbreviations: WV: Wateringse Veld; LR: Leidsche Rijn; WH: West Holland)
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§  1.4.1 Datasets
§  1.4.1.1 Dataset 1: Wateringse Veld and Leidsche Rijn (OTB Dataset)
 Dwelling Characteristics
     Site & climate
     Mass composition
     Building envelope
     Mechanical systems





















     Household/Social
      Educational
      Economical




occupant behavior and heating energy consumption extensively in her research based 
on the OTB dataset. 6000 questionnaires were distributed in these two neighborhoods 
in The Hague and Utrecht. A response rate of 5% was achieved. The low rate can 
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probably be explained by the fact that the inhabitants were uncomfortable with 
personal questions about their lifestyles and income levels, etc. The households were 
sent reminders to potentially increase the response rate. 
The survey provided information on 323 dwellings that covered a range of topics in the 
questionnaire with regard to household characteristics, individual’s characteristics, 
economic characteristics, energy consumption, presence, dwelling characteristics, 






provided in Appendix I.
CASE 1:                           CASE 3:                       CASE 2:
WATERINGSE VELD & LEIDSCHE RIJN     WoON                       WEST HOLLAND
N: 323                           N: 4724                       N: 61
2 neighborhoods built after 1995             entire housing stock                      random sampling
data collection: in 2008                          data collection: in 2005                      data collection: in 2011
questionnaire                          questionnaire                       questionnaire & monitoring
  dwelling size
    dwelling type
    dwelling location
  number of bedrooms
    envelope design
  heating system type
  ventilation system type
    household type
    education
  background
    income
  presence at home
    heating system use
  ventilation system use
    lighting/appliances use
    shower/bath frequency
  energy consumption
 
 DATA
               Layout
DWELLING
CHARACTERISTICS   Envelope
 
               Systems
               Household 
               Characteristics
HOUSEHOLD               Presence
CHARACTERISTICS 
               Actual
               Behavior
ENERGY USE                Energy use
FIGURE 1.3 Collected data in the three datasets
The actual energy consumption of households was asked to the respondents in the 
questionnaire, in the form of the energy consumption specified in their last available 
energy bill. Respondents living in dwellings with individual central heating reported 
their consumption in m3 of gas, while the ones with district heating in GJs. In the 
Netherlands, gas consumption in general includes space, water heating and cooking 
and electricity consumption includes mechanical ventilation, space cooling, lighting 
and appliances. In dwellings with district heating, heating energy is used for space 
and water, while electricity is used for cooking, mechanical ventilation, space cooling, 
lighting and appliances. 
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Characteristics Behavior
Household Individual Dwelling Presence Heating Ventilation Light  & App Consumption
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TABLE 1.1  Dataset 1, OTB sample, categories of collected data
§  1.4.1.2 Dataset 2: The West of Netherlands Sample (WH)











and compares daily consumption with a personal savings target. The daily target was 
corrected to the individual’s fluctuations in consumption throughout the week. The 





FIGURE 1.4 Smart thermostat display in Dataset 2
Occupant characteristics Behavior
Household Individual Dwelling Heating 
Size Age Type Thermostat setpoint day/
nightIncome Gender Floor area





Lower temp. when absent
Selection of energy 
company




Double glazing room temperature
TABLE 1.2  Dataset 2, West Holland dataset, categories of collected data
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§  1.4.1.3 Dataset 3: WoON (WoONonderzoek Nederland) Database
WoON Database of the Dutch Ministry of Housing (www.vrom.nl) includes 4500 cases 
and is assumed to be representative for the total housing stock of the Netherlands. 
The latest WoON used for this study was carried out in 2005. The dataset covers a 
household survey including occupant behavior, dwelling inspections and reports on 
energy consumption in the 4500 dwellings.
§  1.4.2 Methods
This study applies a variety of statistical and simulation models, in relation to the 
deductive and inductive approaches. 
Correlation and regression analyses are used on Dataset 1 (OTB Dataset), to model 
the relationship between occupant behavior and electricity consumption. This also 
revealed the determinants of electricity consumption. Later on principal component 





performance simulation tools and Monte Carlo analysis on Dataset 1 reveals the 
sensitivity of energy consumption of a dwelling to occupant behavior. 
This thesis does not necessarily esteem the deductive or inductive methodologies; on 
the contrary, it tries to make us of both. The methods used to answer each research 
question are explained more in detail in relevant chapters.
§  1.4.3 Limitations








completely. The general characteristics of the sample were representative of the 
Netherlands (in comparison with Dataset 3: The National Survey: WoON Database) 
with the exception of income and education, which were higher than the national 
average. The Dataset 1 was representative for dwelling type, but not for HVAC systems 
used in the Netherlands. Another problem of the OTB dataset was the small number 
of dwellings with balanced ventilation and solar boilers; and no dwellings with heat 
















Dataset 2 has limitations resulting from monitoring. The real time energy consumption 
figures recorded by the thermostats were not used, because of the inconsistency of the 
data. The most precise data were collected in March and April 2011, out of 6 moths 
that the monitoring was conducted. Besides, there is a probability that thermostat 
behavior has not changed substantially during March and April, because of little 
outside temperature change. 
In Dataset 2, 45 households’ monitoring data was used over the sample size of 61. 
8 households did not provide reliable data in March and April, and 8 cases for either 
March or April. Besides, 4 April and 12 April 2011 were the days that monitoring was 
problematic for all households. Another limitation was that the data was collected from 
the consumers of one energy company. Being the subscriber of this company might 
have brought in essential differences between this group and the rest of the households 
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in the country, based on income level, awareness level, availability of infrastructure, 
and further.
§  1.5 Relevance of This Research and its Contributions
The scientific contribution of this research is characterized by the combination several 




energy and electricity consumption of dwellings in Dutch context, in terms of their 
determinants and patterns, in relation to occupant behavior. The relevance of this 







of considering the occupant behavior in early phases of design in renovating existing 
housing stock and for new housing. For policy, this research could help in improving 
the models and calculations of occupant behavior in building regulations; hence the 
theoretical consumption levels could be more realistic. 
The knowledge produced with this research is reported for the improvement of energy 
policy and regulations, as well as advice to housing associations and energy companies. 
Furthermore, this thesis could contribute to the better design and implementation of 




§  1.6 Thesis Structure
Chapter 2 provides a literature review of the field of energy consumption from urban 
to user scale, a review of energy performance modelling methods, a review of energy 
performance gap, and determinants of heating energy and electricity consumption. 
This review first helped to set up a reference point for the reasons to actual occupant 






determinants found through this review hold the content and structure for the 
questions of the survey designed for OTB dataset. 
Existing research on understanding the relationship between occupant behavior and 
energy consumption has utilized a variety of methodologies: Deductive: macro level, 




the sensitivity of energy consumption to occupant behavior. Chapter 3 presents a 
sensitivity analysis of heating energy consumption to occupant behavior, using the OTB 
dataset.
Despite the efforts to improve the energy efficiency of electrical appliances, the growing 
population, the increasing number of households and the wider use of electrical 
appliances could be instrumental factors in the rising levels of electricity consumption. 




data obtained by monitoring 61 dwellings during two months in Spring 2011. It also 
discusses monitoring as an approach towards understanding occupant behavior and 
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of thermostat use are identified, and these are related to other characteristics of 




predictions of the electricity usage of households is already an important issue for 




macro-level, therefore we need to establish more easily accessible parameters with an 
explanatory power to determine the level and variance of electricity consumption in 
households. 
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